Abstract: Acrylic copolymers made of a casting syrup (prepared from poly(methyl methacrylate) (PMMA) dissolved in methyl methacrylate) and triethylene glycol dimethacrylate (TEGDMA) were synthesized by promoting the decomposition of benzoyl peroxide (BP) with dimethyl-p-toluidine. In addition, conventional copolymers, made of methyl methacrylate and triethylene glycol dimethacrylate monomers, were synthesized via thermal decomposition of BP. The two types of reaction were carried out as bulk polymerizations. Both types of copolymers were studied applying scanning electron microscopy, IR and micro-Raman spectroscopy, differential scanning calorimetry, and dilatometry. It was found that the conventional polymer is a MMA-TEGDMA copolymer without phase separation, while the phase-separated polymer contains microdomains. The shrinkage of the polymers, as well as their morphology, can be easily controlled through the chemical composition.
Introduction
Volume shrinkage during polymerization is certainly one of the processing limitations of many polymeric systems and it has been regarded in the literature as an intrinsic and limiting characteristic of these engineering materials. Many techniques have been developed to control volume shrinkage. Some of those techniques use mineral additives that are dispersed in the uncured resin, and these additives release volatile substances during the polymerization reaction, creating micro-bubbles, which compensate volume shrinkage. One of the most successful techniques is the production of so-called 'low-profile' or 'low-shrink' resins [1] . In these materials an unsaturated polyester resin is blended with a monomer capable of producing crosslinks. No volatile byproducts are made by this polymerization. The pioneering work of Liu and Armeniades [2] in the 1990´s demonstrated the feasibility of controlling the curing shrinkage in an acrylic system (PMMA, methyl methacrylate (MMA) and TEGDMA). Their system undergoes phase separation when BP and dimethyl-ptoluidine (DMT) were employed to initiate the polymerization reaction. Their system was made of a casting syrup (30 wt.-% of PMMA) blended with different proportions of TEGDMA monomer from 0 through 100 wt.-%. They argue that phase separation produces microdomains and their corresponding interfacial volume compensates polymer volume reduction after the cure reaction without forming voids. Liu and Armeniades based their conclusion only on density determinations using a chain gravitometer balance and on scanning electron microscopy (SEM). They found that those polymers where phase separations were more evident present the same density as observed on their corresponding uncured resins.
In this present work, samples of the PMMA-MMA-TEGDMA system were prepared via bulk polymerization using the decomposition of BP at room temperature promoted with N,N-dimethyl-p-toluidine to obtain so-called 'phase-separated polymers'. Both chemicals were mixed in a ratio of 10:1, respectively. This type of initiation was the same as reported by Liu and Armeniades. The acrylic system used here was made of a casting syrup with 10, 20 or 30 wt.-% of PMMA, each also mixed with different fractions of TEGDMA. The use of these concentrations of PMMA in the syrup had the purpose to determine any possible influence of the polymer concentration on the morphology of the microdomains produced. In addition, in this work FTIR and microRaman studies were carried out to determine differences in the chemical composition of different regions of the polymer bulk and to establish if phase separation really happens -information not reported in the literature.
The control of volume shrinkage was studied by dilatometry, and differential scanning calorimetry (DSC) was performed to identify differences in the thermal behavior that could be related with the formation of a structure made of phases of different chemical compositions. Mechanical properties were only assumed by Liu and Armeniades, without actual measurements. One part of this investigation is the determination of the mechanical properties of the polymers; compression and tensile tests were carried out and complete results will be presented in a posterior paper.
The reaction studied here is very interesting for a number of reasons. To begin with, it is possible to obtain polymers in a very short time with practically no energy investment, the corresponding polymers present no shrinkage, and the structure of microdomains is an attractive alternative to prepare novel polymer blends.
Besides the synthesis of phase-separated polymers, conventional copolymer were also obtained by employing monomer mixtures of MMA and TEGMA from 0 through 100 wt.-% of MMA. These polymers were obtained by bulk polymerization using thermal decomposition of BP. They were synthesized to be used as reference material for the characterization of the phase-separated polymers.
Experimental part
For the synthesis of phase-separated polymers, PMMA-based casting syrup dissolved in MMA (Aldrich M5,590-9, δ = 0.93) was utilized (PMMA concentrations: 10, 20 and 30 wt.-%). The PMMA employed was from Aldrich (18,223-0, M w = 120 000, δ = 1.18). Each casting syrup was mixed with TEGDMA (Aldrich 26,1548, δ = 1.092) in proportions from 0 to 100 wt.-%. A total of 36 reacting mixtures with different chemical compositions were prepared as summarized in Tab. 1. Glass tubes containing 5 g of each mixture were employed as follows: to each test tube was added 50 mg of BP, the tubes were stirred to total dissolution of BP; then, 5 mg of DMT were added and the tubes were stirred again. The polymerization reactions started immediately and lasted from 3 to 14 min, depending on the TEGDMA content. The higher the TEGDMA concentration, the shorter the reaction time.
On the other hand, MMA and TEGDMA mixtures were prepared in formulations from 0 to 100 wt.-% of MMA. Tab. 2 shows the twelve different compositions obtained. Each monomer mixture was placed in different test tubes. To each test tube, 50 mg of BP was added and the tubes were stirred to dissolve the BP. The test tubes were 2 placed in a thermal bath at 70°C to initiate the reaction. Finally, when polymerization reactions were over (after 80 to 200 min), conventional copolymers were obtained. Once again, the increase of TEGDMA content decreased the reaction time. A detailed description of the procedure has been published separately [3] . In both cases, the test tubes were placed in a water bath at room temperature until polymerization reactions were completed. This action had the purpose that water could absorb most of the heat produced by the reaction and to avoid bubbles. The 3 increase of temperature was not determined for any case. The evaluation of the heat of polymerization will be carried out by calorimetry and will be reported separately.
Samples from each of the polymers obtained were cryo-fractured and prepared for SEM by gold coating. One fraction of each of the polymers was powdered, treated at 70°C and 350 mTorr to eliminate remnant monomer, as much as possible, and finally mixed 1:10 with KBr to be analyzed by FTIR (Nicolet 510) through the diffuse reflectance technique. Micro-Raman analysis [4, 5] was also carried out on plane-surface samples prepared by cryo-fracture using a LabRam Dilor machine. Dilatometry was performed with an especially designed apparatus [6] . DSC characterization was conducted with powdered samples in a DuPont 1600 machine, at a heating rate of 3°C/min under N 2 atmosphere.
Results and discussion Fig. 1 shows very transparent conventional copolymers, an evidence of a singlephase system. This was observed for all formulations used, whereas for the phase separated polymers, the optical opacity depended on the composition. At low TEGDMA concentration, the opacity increased when the monomer content increased up to 50 wt.-%. After this concentration, the opacity decreased when the monomer content increased. Also, conventional copolymers show plain morphology, as shown in Fig. 2a ; this is extra evidence that conventional copolymers did not undergo phase separation. In contrast, phase-separated polymers show small particles embedded in a continuous matrix. At low TEDGDMA content, small particles consist of PTEGDMA and the matrix of PMMA. The size of the particles increased as the TEGDMA content increased up to a concentration of 35% (from 1.56 to 4.45 µm for polymers with 20 wt.-% of PMMA in the syrup). At this TEGDMA concentration, it was not possible to observe a matrix, for the polymer morphology consisted exclusively of particles, some of them made of PMMA, others made of PTEGDMA and possibly, some other particles were made of MMA-TEGDMA copolymer. A large fraction of the MMA-TEGDMA copolymer produced could be forming microdomains and another large fraction could be placed at the interfaces between domains of PMMA and PTEGDMA. The composition of this copolymer as well as its possible influence on particle size is still to be determined.
Beyond a monomer content of 35%, the particles began to decrease as the TEGDMA concentration increased (from 4.3 to 1.4 µm, also for polymers with 20% PMMA). At high TEGDMA contents, the morphology consisted of small PMMA particles embedded in a continuous PTEGDMA matrix. Fig. 2b shows the typical morphology of the phase-separated polymers. It was also observed that an increase of PMMA concentration in the casting syrup produced a larger particle size (from 2.66 to 5.43 µm for polymers with 35% TEGDMA). Particle-size determination was conducted with SEM, by measuring the size of several particles from many micrographs. However, in the SEM observations it was not possible to distinguish between micro-bubbles caused by monomer evaporation, and micro-voids produced by phase separation.
The FTIR spectra were very similar for both types of polymers, namely conventional and phase-separated materials, but for the band at 1640 cm -1 , which is characteristic of the C=C bond. This band was rather small for conventional copolymer, whereas for phase-separated polymers, this band is more evident. This difference was stronger for 35 wt.-% TEGDMA content. Conventional copolymers showed almost the same micro-Raman spectra in all the regions analyzed, indicating that the chemical composition is homogeneous throughout the sample. For the phase-separated polymer, Fig. 4 shows an opticalmicroscopy photograph from a polymer sample made of 65 wt.-% of casting syrup (20% PMMA) and 35% TEGDMA, where a two-phase material is observed. One phase is white and opaque and is embedded within the other phase, which is totally transparent. Micro-Raman analyses showed that the white phase consisted of PTEGDMA and the transparent one of PMMA. As for the DSC results, conventional copolymers present one endothermic transition around 230°C possibly due to degradation, since production of CO 2 was detected by gas chromatography. Two small signals, the first one around 340°C and the second one near 410°C, detected the final degradation of this type of polymer.
The phase-separated polymers present one endothermic transition around 250°C. This transition is the most evident in the thermogram and could be produced by the curing reaction of the remaining C=C bonds, especially on the molecules of TEGDMA. FTIR and Raman analyses of samples before and after a thermal treatment at 250°C show a notorious decrease in the band at 1640 cm -1 , corresponding to C=C bonds. Polymer degradation gives a transition at 380°C, corresponding to PMMA microdomains, and one transition more at 410°C that possibly corresponds to the final degradation of this polymer. Fig. 5 shows the thermographs of two polymers, one conventional and one phaseseparated. Glass transition temperatures determined for each type of polymer are indicated in the figure. For the conventional copolymer a single T g was found at 130°C; however, for the phase-separated polymer two T g 's were detected, one at 102°C and the other one at 155°C. The latter is indicative of the presence of microdomains of different chemical composition. Nevertheless, these DSC results were not useful to evaluate how cross-linked the polymers are, but DMA are being carried out and the results will be reported separately. 6 shows plots of the variation of the specific volume as a function of TEGDMA content for reacting mixtures before the polymerization reaction and for both types of polymers. All specific volume determinations were performed at room temperature. The decrease of the specific volume of the conventional copolymer was very 8 consistent with the increase of the TEGDMA concentration: the higher the monomer content, the lower the specific volume. A similar behavior was observed for the reacting mixtures. Additionally, consistent specific volume reductions after the polymerization reaction were observed for conventional copolymers. The average specific volume reduction determined for these polymers was 0.1270 ml/g. This average was calculated as:
where . .v s is the average specific volume reduction, s.v. R.M. is the specific volume of the reacting mixture, and s.v. C.C. is the specific volume of conventional copolymer. Fig. 6 . Plots of the variation of the specific volume as a function of TEGDMA content for reacting mixtures (uncured resins), conventional copolymers, and phaseseparated polymers. Notice the specific volume reduction after the polymerization reaction for conventional copolymer
In the case of the phase-separated polymers the specific volume had a very different variation with increasing TEGDMA content. At the beginning, the specific volume increased with the increase of the monomer concentration up to 35 wt.-%. After this value, the specific volume decreased when the monomer concentration was increased and in the end, its behavior was similar to that of conventional copolymers for the final values of monomer concentration (from 70 to 100%). For TEGDMA concentrations from 30 to 35 wt.-% the phase-separated polymers have the same specific volume as those of the reacting mixtures with the same monomer content, which indicates that the phase-separated polymer at these compositions suffer no shrinkage.
The specific volume is a function of C=C bond transformation. When FTIR and specific volume results were compared in the case of phase separated polymers, it was found that the band at 1640 cm -1 for C=C increased when TEGDMA content was higher. On the other hand, the specific volume in the beginning increased when TEGDMA concentration increased, but after a monomer concentration of 35%, the specific volume decreased with increasing TEGDMA content. The tendency in the band at 1640 cm -1 is rather different from the specific volume variation. It is possible that the band at 1640 cm -1 is caused mainly by non-reacted C=C bonds from TEGDMA molecules. The rate of reaction could be affecting this bond conversion.
Conclusions
All the results of polymer characterization show very different behaviors of the two types of polymers, though they were synthesized from similar reacting mixtures. These differences are produced by the different types of initiation employed and can be controlled through the chemical composition of the uncured resin. The presence of PMMA in the chemical composition, as well as the initiation type employed, contribute to produce a phase separation. According to all results, the conventional polymer is a MMA-TEGDMA copolymer without phase separation, while the phaseseparated polymer contains microdomains with different chemical composition.
For this particular system, one can obtain polymer blends in a very short time with a rather low energy investment, and the polymers obtained present no shrinkage. The shrinkage of the polymers, as well as their morphology, can be very easily controlled through the chemical composition.
